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Parameters for both injectors

* Flexibility in the beam parameters which can be delivered _ 18 MeV injector | 150 MeV injector

keeping good energy spread and emittance

Beam Energy (MeV) 18.5
Energy: +- 10%, Charge: up to 400 pC, Bunch length: 0.2-1 ps,
. [0) 0, ()
beam size : see transport Energy Spread (AE/Eo) (%) 0.50% 0.20%
Energy stability (AEo/Eo) 1x10-2 1x10-3
e Constraint space for hardware RMS Bunch Length (ps) ~2-3 ~0.2-0.3
Bunch Charge (pC) 100 -600 pC 100 pC
* Excellent timing stability and synchronisation with laser and Emittance (mm mrad) e 5
self-modulation device ,
Beam size (um) ~ 190 5.75

X
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150 MeV injector — beam dynamics design @

* Very compact electron injector

* Simulated parameters within specifications E. (M
eV| o.\mm| | o|fs| | glum]|| og(? I,,lA
dMev] o fmm] | o,[fs] | elum]| op%] | Lol4]
Solenoid. 1 Solenoid. Il Solenoid. 111 Solenoid. IV 1 50 O. 14 2 0 7 0.44 w 1 68
‘ gggggg‘ B 51 <) B B <) O] B B B B O] O] B B B HENEREERREEE R RRKRE
RE Gun Buncher Ace.l Acc.Il %ngu% = pEE= b L Lt ggggg‘ﬁ;ﬂﬁgggg
& 50 5 B B 6 2 B 0 0 I 0 I 1 O 0 ) B ;Zz ;ZZ
L Lz Ls Ly 500 500
d d; ds — 400 400
- pEmy w0
Laser parameters 0 N
A[nm] W[eV] r[mm] t[pS] q[nC] B 9§ 04 05 08 1 12 14 1 15 Z 27 24 26 25 3 37 34 %9 96 1 42 44 46 45 5 020
262 4.31 1.0 1.0-5.0 0.1-1.0
1%}7‘86; Bi??ﬁ?}g? Acc.1 Acc.1
RF parameters y
Parameter RF Gun Buncher Acc. | Acc. 11 Toe
Frequency 3.0 12.0 12.0 12.0 os
Gradient ~ 120MV/m 35MV/m 80MV/m  80MV/m 8
N. Cell 1.5 30 120 120 % 0% 05 075 1 125 15 175 2 225 25 275 3 s a4
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150 MeV injector — RF layout AVARE

7-10 MW, S-band 5-10 MW, x-band 25 / 50 MW, x-band

Klystron layout on the tunnel

PC, 15 -20 MW PC, 160 -200 MW
Possibly long waveguides 30 m
Round or double height WG needed
Solenoid .
X X X Solenoid
RF Gun - - - - - - -
M Buncher

T T T B .
X X Xi 3 structures at 55 MV/m

* Total Energy 100- 160 MeV, 10 Hz rep. rate, single bunch
e Will use CLIC developed x-band components as much as possible
* Multiple RF-power configurations studied

AWAKE Review 5/02/2024 4



AWAKE

Studied alternative scenarios

Beam dynamics:

» 3identical structures, one 50 MW klystron = Save small klystron, waveguide run and buncher structure

RF power variants:

» One 25 MW klystron for acceleration, small 8 MW klystron for bunching = less expensive klystron and modulator
» Only one 25 MW klystron for everything = less expensive klystron, save second waveguide run and small klystron

Integration scenarios:

» Keep Run 1 modulator (PPT) for LINAC 1, instead of two K100 modulators = no new hardware needed
» Use K400 modulator instead of PPT - better performance and stability
» Replace K400 x-band with 2x K200 x-band = essentially staged scenario to upgrade energy later



AWAKE RUN 2 alternatives

3 identical structures, first one for bunching: 100 MeV with modest gradient,

E MeV

100

50

&SOLENOID
LBField=T

ATVARED

File Bfield(l)="solenoid david.txt',

S Pos(l)=0.0, 5 smooth(l)=10,

MaxB(1)=0.28,

File Bfield(2)="3 coils modify.txt', 8_Pos(2)=1.3,

S smooth(2)=10, MaxBE(2)=0.253,

/!
ECavity
LEfield=T
File Efield(l) = 'eacc.txt’, Nue(l)=2.9%85,
MaxE (1)=120, C _Pos(l)=0.00000,
Phi(1)=30.0,
File Efield(2) = 'im 105cell david.txt', Nus{2)=
11.5542, MaxE (2)=40, C Pos(2)=1l.2,
Phi (2) =62,
File Efield(3) = 're 105cell david.txt', Mus(3)=
11.5542, MaxE (3)=40, C Pos(3)=1l.2,
Phi(3)=-28,
File Efield(4) = 'im_105cell david.txt", Nus(4)=
11.5542, MaxE (4)=100, C Pos(4)=3.0,
Phi (4)=120,
File Efield(5) = 're_ 105cell david.txt’, Nus (5)=
11.59542, MaxE (5)=100, C _Pos(5)=23.0,
Phi (5) =30,
File Efield(€) = 'im_105cell david.txt", Nus (&)=
11.5542, MaxE (6)=100, C Pos(6)=4.1,
Phi (€)=110,
File Efield(7) = 're_105cell david.txt", Nus(7)=
11.59542, MaxE (7)=100, C Pos(7)=4.1,

phi (7)=20,



e T mrad numn

AWAKE RUN 2 alternatives bl

3 identical structures, first one for bunching: 100 MeV with modest
gradient, energy spread 150 keV, bunch length 83 um, emittance 0.75 um
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AWAKE RUN 2 alternatives AV
performance summary

O 50 MW klystron: 3*54 MV/m =7.5 MW out of klystron per structure; 35% waveguide losses;
bunching separate > > 150 MeV baseline scenario

d 50 MW klystron: 1 * bunching (2MW) +2*54 MV/m; = ~ 100 MeV

O 25 MW klystron: 3* 43 MV/m; = ~ 116 MeV with separate bunching



Keep PPT modulator from Run1 for Linac 1 @

CURRENT
KLYSTRON \ \ \
\4
|<4oo \

K200

TRANSPORT VOLUME

CLERC Vincent BE-EA-DC 26/05/2023 Version 2 9



Using three 25 MW x-band klystrons @

=
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150 MeV injector — Prototype AR

ARTI (AWAKE Run2 Test Injector)

Reduced scale prototype, 60 MeV, INFN gun, CLIC-structure as buncher and PSl-linearizing structure for acceleration.

Goal: demonstrate the velocity bunching and emittance preservation with x-band
Prototyping of key accelerator hardware and diagnostics

Gaining experience before installation in the AWAKE tunnel

AWAKE Review 5/02/2024 11



ARTI status

* RF-gun and diagnostics operational

* Magnets for second phase installed
* Vacuum system will be next

* Missing the x-band waveguide system
and the klystron (still at CPI for repair)

* First ‘'user’ experiment planned in spring:
Vlad’s CBS experiment




AWASEE

RF-GUN

ARTI in CTF2

Screen BTV1

F-Cup

RF-gun conditioned to 120 MV/m on the cathode
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First results with beam @

|| Low Range Values Low Range Average High Range Average | | High Range Values

‘ SCT.USER.ALL | ‘Low Range: 0.00 High Range: 193.48  Latest update: 2()24.[}3.(}4@15:18:46‘
200 W
180 i
160
140

=
[
[=]

PicoCoulomb
=
[=]
=1

[52]
[=]

ix:201.22-y:58.32

o, Eearg Chzrge:: 400 pC with short | |
Input Power: 13 MW Cara ay ”.Pé Ulf’l(t)‘i pC with short laser pulse
Gradient: 114 MV/m opper Qe: 9 x

Very promising for Copper cathodes
No dark current basically not measurable for time being:
<5pC (preliminary)
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AWAKE

Beam profile characterisation

Typical beam profile Screenshot of focused beam
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Phase scans

AVARED

* The on-crest phase was shifted by 20 deg. On-crest now at 163 deg.

Beam energy (MeV)

4.9 18
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8 March 2024
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Vlad Muscat, Anton Eager
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X Beam Size
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Solenoid scans

CESNKE.0100 vs X Beam Size
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ATVAHE—D
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X-band structure developments >

Shunt Impedance [MQ/m]
Group Velocity vg/c [%]
Q-Factor

Attenuation [1/m]

Length [m]

3DEXPERIENCE'

efield (f=11.9942) [1]
Orientation  Outside
Component Abs

Frequen: cy 11.9942 GHz
PPPPP [

Maximum (Plot) 90.3735 dB(V/m}

Travelling wave Constant Impedance

100

2.4

7061

0.7

0.9

Mechanical design
made at CERN

dB(v/m)
0.4
8

° CLIC style tolerances
o Vacuum brazing design

56

Structure to be
y inserted in a solenoid
L of 150 mm diameter
bore radius

Designed by INFN Frascati, D. Alesini, M. Diomede,
for CompactLight and EuPraxia

08/03/2024
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First short prototype under construction

—_—

—6~ : : : : : : : *

4 5 5] 7 g 9 10

5.6 )

pm Nom. curve : ——— Act. curve:r———— Telerance: ————-—-—-
Notation : Disc Producer : SCIBOR EKareol Draw. Neo. : SPSACTXa00023
Ser. Neo. : 11 Part No. : Department:
Element : E2_SECT_COMP (1)

X Y z Nr

Form ........: 0.004 Min. Deviat.: -0.003 8.332 0.000 -3.151 43
Lower Teoler. :-0.002 Maxz. Deviat.: 0.001 10.355 0.000 -0.111 1
Upper Toler. : 0.002 Profile X+
Errocr Magnif.: 100

Ne. of peints: a7




AWAKE

Conclusion and outlook

O Further optimisation of the existing baseline injector for Run 2c with respect to performance,
cost and integration

 Very good start of the beam commissioning. No major problems spotted so far
Of course, fine tuning is needed and systematic measurements.
Clearly much more work to do !

L Will alternate commissioning periods with installations periods to complete the injector

U Interesting times ahead, a first visible piece of hardware for Run 2c¢ and a first ‘user’
experiment on CBS at low energy.

O Thanks to Jordan Arnesano for his contributions to AWAKE
Welcome to Anton Eager to take over in December

20
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Additional material
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u—TCA development
for LLRF with Uppsala

« System shipped to CERN from Uppsala,
installed in the form CLIC test facility.

 RF signal acquisition, generation and
feedback/forward loops tested.

 Use of DESY BSP and python GUI.

« External trigger injection through RJ45
connector on SIS8300KU AMC, distributed to

mLVDS lines. Modulator and S-band
40MW Klystron (above)

*  Currently under test/development (still some bugs to iron

out) MicroTCA crate and LO, 'R/

 Work progressing well on a DESYRDL to CLK generators (right) 1§

CERN/Cheby convertor script.

06/12/2023 Micro TCA WS 2023: Status of the AWAKE run 2c photoinjector LLRF at CERN




Centering the gun solenoid | =
2.5} rh
. ey 2 H
To further reduce the emittance from the gun, the position of the -
electron beam can be tracked through a solenoid scan s g2
gl =S
— solenoid position and angle offset can be inferred by fitting the £
beam trajectory to simulations. Preliminary results predict a o} - L
. . P
transverse misalignment less than 1 mm. I
4 -1.2 -1 -0.8 x-[(;-lﬁm] -0.4 -0.2 0 0.2
Solenoid X offset Solenoid Y offset

30 o0 -

201 —— > mm — -5 mm
— —-3.8889 mm 10 + —
£ 10} 27778mm Pl
= — -1.6667 mm E — 16667 mm
A —-0.55556 mm - — 055556 mm
S 0.55556 mm s Of 0.55556 mm
= — 1.6667 mm = — 1.6667 mm
O 10 f — 27778 mm 3 ——2.7778 mm

—'—g-?nargg mm & 40 —— 3.8889 mm
20+ 5 mm
-30 : : : ‘ 20 \ ‘ ‘ . . .
-20 -10 0 10 20 -30 20 -10 O 10 20 30
Position X [mm] Position X [mm]

12 December 2023 Viad Musat | CLIC Mini Week 2023 23




Stable beam point found

8 March 2024 Vlad Musat | CTF2 CBS set-up




Compton backscattering \

I NP

\

1
= The scattering of a low energy photon from an EM field —_— ——— —
to a high-energy photon (X-ray or gamma ray) during the = ;' z
interaction with a charged particle. \

X-ray
N. = o NeNaser COS(¢/2) B F
v — Yc —
2T0~ \/U?W cos?(¢/2) + 02 _sin’(¢/2) AT20 o/ €2/ BaO~y\/ €y /By
Total flux Average brilliance
2 2 2 2 1+ cos¢
O_E’Y — O-EQ JEe JE]aser JEE E — 2 2E
E, \/( FEy ) * (2 E, ) T (Elaser> + ( E. ) X-ray Y Llaser 1+ 7292
Photon bandwidth Photon energy

12 December 2023 Viad Musat | CLIC Mini Week 2023 25




Experimental set-up

frequency frequency
doubler doubler

PHAROS laser

2.1 mJ, 1030 nm, Laser beam
112 fs Electron beam
Delay line
Detection
Solenoid chamber
Spectro 4

meter

e [ _
-

HV supply Scope DAQ

>

6 MeV, 400 pC

3 GHz
Electron gun

12 December 2023 Viad Musat | CLIC Mini Week 2023 26




X-band accelerating structure W)
Mechanical design

Structure to be inserted in a solenoid of

CLIC style tolerances
150 mm diameter bore radius

Vacuum brazing design

RF-Design made by D. Alesini, M. Diomede, INFN Frascati
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Other requirements

K A certain flexibility in the beam parameters which can be delivered keeping good
energy spread and emittance
Energy: +- 10%, Charge +400% ?, Bunch length: 100%, beam size : see transport

M Constraint space for hardware

[ Excellent timing stability and synchronisation with laser and self modulation device
30 fs stability

Laser beam
compressor 2 Spectrometer 2 Plasma Cells

\'I—J/— '/ — \i-

i wf S o oA SReeSSSTT T 8 3 ' =T { ._.i_ A i "

il - = ' .
] [ 0 .
I 1 £ : " :'E,..-.. ________________ |
L 5 L 4 : R RN TR
= [ T H E =

Laser beam
compressor 1

. s '.'"_'_E._-ll_-h.ln .._—

| & &® 1 1] I —— .

2 WDL Chiller Units 2 Electron Sources 4 Klystrons



Flexibility to produce higher charge AWVAIED
(for lower plasma density or experimental reasons) e
Changing only laser pulse length and adapting magnetic field slightly

Laser Pulse Duration Laser Spot Size
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 S00 600 700 800 900 1000
5 5 2.F 12.
1.8} 11.8
4 4 1.6} 11.6
1.4} 1.4
— 3 3 1.2} 1.2
8 B
& Eip—a—a—8—8— 88— 88
= =
2 2 ~o08 {0.8
0.6} o6
1 1 0.4¢ {0.4
0.2} {o.2
0 S - (bl ol loGplvel
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
EIEEE L] 15 5 5 ) B I < 5 5 ) B DI 151 51 51 5 B B 5 5 5 5 5 DI I
RF Gun Buncher Acc.1 Acc.2
{05
{04
lo3
{o.2
0.1
0Z[m]
48 5

Mohsen Dayyani Kelisani



Flexibility to produce higher charge

0.1 to 1 nC per bunch

ATWVAKRE—

Max_B, Bunch Length
0.6 320100 200 300 400 500 600 700 800 900 100Q,
0.58} 310} {310
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ATWVAEE
Tentative RUN 2 injector parameter for 150 MeV

Only scaled down accelerating gradient, identical initial distributions,
no new optimization

= z_
L :
%: E =
Energy: 151.8 MeV "u‘i g
Energy Spread: 144.5 keV rms =9.5 10+ % & e T R Ti= Rroryee
Emittance: x/y: 0.7 mm mrad ¢ ps twa/pa
Bunch length: 60 um rms Longitudinal Distribution

Bunch Charge: 100 pC

current A
BQ 100 1680 200
T

0

0.5

|
&=
e
=]



150

E MeV
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Tentative RUN 2 injector parameter for 150 MeV

average particle energy Bunch Length

AWAKE
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Tentative RUN 2 injector parameter for 150 MeV

Transverse Emittance

£ T tRrad T

0.5
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PIC Dark Current Simulations AR

No Solenoid

Solenoid: Antisymmetric mode

Pablo Martinez-Reviriego, IFIC




Charge (pC/keV)

Dark Current Simulations

z =100 cm Z =50cm

AWAKE—

Pablo Martinez-
Reviriego, IFIC
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AWAKE Run 2

=>» Demonstrate possibility to use AWAKE scheme for high energy physics applications in mid-term future!
=» Start 2021! Staged program for ~ 10 years

ANVAKE—

- Need to work in blow-out regime and do beam-loading

- New electron beam based on x-band:

Electron source system
150 MeV, 200 fs, 100 pC, 6 = 5.75 um
Laser beam
Fi ( o i
0 RF g Ll q nn.
MeV ‘ . NEW: higher ener
| phaia” Electron S?)urce systsr:: Soterptet ! Sotenpid 11 Sotenop 11t smm]imw
e > : 1 ]
. H B B 2 ssssex r----—-------—-----} Jnn-nnnunnnnnnnnn!
L % Electron beam RE Gun puncher. et e it
| =/ " 10 m Rb Plasma ~150 MeV s _'m l! ' ¥ # '
—_~ S ] NEW: density step R » = 5 E w uuuuu B e e e e o o o o
4 = ! Fa— ; i
Proton beam - e — i . "

B ey dy
~ % Electron beam
| L=38m
A o 10 m Rb Plasma
15t plasma cell: gt asme
-~ i \ NEW

self-modulator
]
B} .
2" plasma cell:
accelerator \‘\-\
Laser beam N\/J \

NEW: back-propagating

Laser
dump

Goals:

Accelerate an electron beam to high energy (gradient of 0.5-1GV/m)
Preserve electron beam quality as well as possible (emittance preservation at 10 mm mrad level)

Demonstrate scalable plasma source technology (e.g. helicon prototype)
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Reference design
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Mohsen Dayyani Kelisani
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